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Knowledge of the historical responses of animal species to climate changes is critical for understanding their evolutionary history 
and conservation. During the late Quaternary period, Southeast Asia had a larger land area than today due to lower sea levels, and 
its terrestrial landscape was covered by extensive forests and savannah. To date, however, the general fluctuations in landscape 
distribution and their impacts on the demographics history of native species during the late Quaternary periods are still disputed. 
Specifically, the responses of animals on Hainan Island, which is located in the northernmost region of Southeast Asia, to histori-
cal climate changes, are poorly understood. Here, we performed a series of demographic analyses based on mitochondrial DNA 
genes to examine the response of the resident Hainan Peacock Pheasant (Polyplectron katsumatae) to climate change. Unlike the 
pattern of population collapse during the ice age and expansion during the warming period, we detected a historical expansion 
pattern in the demographic history of Hainan Peacock Pheasant through the late Quaternary period. It was concluded that the 
Hainan Peacock Pheasant survived through the late Quaternary periods, despite of its currently limited distribution and population 
size on Hainan Island. Anthropogenic influences must be considered in conservation planning due to their impacts on currently 
fragmented habitats and populations. 
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The Pleistocene climatic changes have left notable foot-
prints in the demographic history of most Northern Hemi-
sphere species [1]. In Europe and North America, species 
contracted and retreated southwards to climatic refugia dur-
ing glacial-interglacial cycles and expanded northwards, 
dispersing into their current distribution areas during the 
warming periods [1,2]. Owing not only to the high level of 
diversity of wildlife but also to the richness of endemic spe-
cies, regions of Southeast Asia are recognized as global 
biodiversity hotspots and are focal regions for ecologists 
and conservation biologists [3,4]. To date, the influence of 
Quaternary glaciations on molecular diversity and the de-
mographic history of species in these areas remain poorly 
understood, especially for species on Hainan Island, which 
lies in the northernmost region of Southeast Asia. In the 
tropical mountains of Southeast Asia, there was no 
large-scale continental glaciation during the Quaternary 
period [1]. It has been proposed that tropical mountains 
provided a stable, moist habitat through the Quaternary pe-
riod, which allowed suitable habitats and lineages to survive 
through altitudinal shifts [1]. However, during the Last Gla-
cial Maximum (LGM), with the advent of glaciations, the 
mean annual temperature dropped an estimated 4–6°C, and 
the climate became drier, which reduced the global sea level 
and exposed the continental shelf throughout Southeast Asia 
[5]. This, taken together with the genetic uniqueness of 
faunas on Hainan Island (such as Polyplectron katsumatae) 
and the deep genetic divergence from their relatives on the 
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mainland of China (such as Polyplectron bicalcaratum) [6], 
makes it reasonable to postulate that within the Pleistocene 
period, faunas on Hainan Island underwent demographic 
fluctuations as well. By using marine and terrestrial pollen 
diagrams for paleoclimate research, both Hope et al. [7] and 
Yan [8] suggested that during the later part of the Quater-
nary period, such as in the LGM and the Holocene, Hainan 
Island has experienced long-term changes in climate and 
vegetation, which could have affected the habitat in which 
wildlife was distributed. 
Hainan Island (18°09′–20°10′N, 108°23′–111°03′E) is 
one of the biodiversity hotspots in China [4,9]. The island, 
consisting of 33900 km2, is separated from mainland China 
by the Qiongzhou Strait, which is ~20 km wide and 100 m 
deep. Yan [8] indicated that Hainan Island experienced the 
process of repeated connection with and disconnection from 
the mainland throughout the Pleistocene, as global sea lev-
els repeatedly rose and fell [10]. During the LGM, the sea 
level fell by 120–150 m in the South China Sea [11]. 
Therefore, Hainan Island represents a typical continental 
land-bridge island and provides opportunities for exploring 
the responses of wildlife to climate change. Assessing the 
demographic history of island species also provides insight 
into the genetic background and requirements for conserva-
tion of vulnerable species [12]. However, the understanding 
of how wildlife on Hainan Island responded to climate 
change remains poor. One major reason for this lack of un-
derstanding could be the severe anthropogenic contraction 
of endemic wildlife on the island [13,14]. 
The Hainan Peacock Pheasant (Polyplectron katsumatae), 
which is endemic to Hainan island [15,16], has been recog-
nized as a distinct species [6] and is listed as an Endangered 
(EN) species by the IUCN Red List since 2010 [17]. In 
China, it was listed as an endangered bird within Category I 
of nationally protected animals [18]. The Hainan Peacock 
Pheasant is currently restricted to fragmented evergreen and 
semi-evergreen areas in the mountainous region of central 
and southwestern Hainan Island at 600–1200 m, and they 
may also live in mature secondary forests [17,19]. These 
habitats are under considerable anthropogenic threat, and by 
the late 1980s, tropical forest cover was reduced to no more 
than 3000 km2 on Hainan Island [20]. In addition to habitat 
loss and degradation, illegal hunting was thought to have 
played a significant role in population declines [17,21]. 
However, the molecular demographic history of the P. 
katsumatae on Hainan Island remains poorly understood. In 
addition, knowledge of the molecular profiles of endangered 
species is crucial for creating promising conservation strat-
egies and maintaining extant populations [22]. Therefore, in 
this study, multiple fragments of mitochondrial DNA 
(mtDNA) from individuals throughout the entire distribu-
tion areas on Hainan Island were used to explore how 
Pleistocene climate fluctuations affected Hainan Island spe-
cies through the examination of the demographic history of 
P. katsumatae; then provide conservation suggestions of the 
endangered species. 
1  Materials and methods 
1.1  Sample collection, DNA extraction, PCR amplifica-
tion and sequencing 
The samples (feather and blood) were collected from 42 
individuals throughout Hainan Island. Total DNA was ex-
tracted with the TIANamp genomic DNA extraction kit 
(TIANGEN, China). Polymerase chain reaction (PCR) am-
plification was performed, with primers for whole mito-
chondrial cytochrome b gene (cytb) and NADH dehydro-
genase subunit 2 gene (ND2) as described by Chang [23]. 
The PCR products were sequenced on a 3730 DNA se-
quencer (Applied BioSystems, USA). The sequences were 
visually compared to their original chromatograms to avoid 
reading errors and then checked with online published DNA 
data. To avoid amplifying mitochondrial DNA homologues 
from the nuclear genome (numts), we verified the sequences 
in the following manner: (1) designed specific primers, in-
cluding those amplifying longer segments of mtDNA (>1 
kb); (2) checked for the presence of PCR ghost bands, or 
extra bands; (3) detected the presence of sequence ambigui-
ties, frameshift mutation and stop codons; (4) used BLAST 
to do a sequence similarity search and alignment with the 
published sequence databases of related species that were 
deposited in GenBank; (5) detected whether unexpected 
phylogenetic placements existed using a phylogeny analysis; 
and (6) detected whether the base composition of mtDNA in 
this bird is companied by a deficiency of G and T and an 
excess of A and C, and rates of codon substitution is order 
of third position>first position>second position. 
1.2  MtDNA data analysis 
The complete ND2 and cytb sequences were obtained by 
aligning the partial sequences with the software SeqEdit 
(Applied Biosystems Inc., USA). Two single amplifications 
were performed. As the ND2 and cytb sequences were uni-
form in length, the alignment was straightforward. The nu-
cleotide diversity and haplotype diversity were estimated by 
DNASP 5.0 [24]. The phylogenetic relationships among 
haplotypes were constructed by using maximum parsimony 
implemented in NETWORK 4.5.1.6 [25]. We applied sev-
eral methods to test the population fluctuation of the Hainan 
Peacock Pheasant. First, Tajima’s D [26] and Fu’s Fs tests 
[27] were carried out in MEGA 5 [28]. We also used grey 
peacock pheasant (Polyplectron bicalcaratum) as outgroup 
for calculating Fay and Wu’s H value [29]. Fay and Wu’s H 
measures departures from neutrality between intermedi-
ate-frequency and high-frequency alleles [29]. In contrast, 
D measures departures from neutrality in the difference 
between intermediate frequency and low-frequency alleles. 
Thus, it is helpful for us to combine both tests to distinguish 
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population expansion from selection. Second, the program 
ARLEQUIN 3.5 [30] which could perform mismatch dis-
tribution analysis was applied to detect whether a popula-
tion experienced expansion event. Specifically, the rela-
tionship τ = 2ut, where u = μk (μ is the substitution rate per 
nucleotide and k is the number of nucleotides) was used to 
calculated the timing of population expansion. The 1% sub-
stitution rate per million years was taken as the molecular 
clock of mitochondrial DNA genes [31]. Third, the demo-
graphic history was detected with the Bayesian skyline plot 
(BSP) implemented in the BEAST 1.5.4 [32]. The conver-
gent check was determined using three independent Markov 
Chain Monte Carlo (MCMC) runs of 5×108 steps, with 10% 
burn-in and displayed using Tracer 1.4 (http://beast.bio.ed. 
ac.uk/Tracer). In addition, the rates of codon substitution of 
mtDNA genes were estimated in BEAST 1.5.4. 
2  Results and discussion 
2.1  Molecular diversity and demographic history of P. 
katsumatae 
The obtained sequences were authentic mtDNA and not 
from nuclear mitochondrial-origin sequences (numts) for 
they did not contain stop codons and deletions/insertions, 
and the base composition of mtDNA genes is companied by 
a deficiency of G (11.7%) and T (24.4%) and an excess of 
A (28.3%) and C (35.6%), and varied codon substitution 
rates is order of third position > first position > second posi-
tion (GenBank number: JQ917212–21). Of the complete 
1041 bp of ND2 and 1143 bp of cytb sequences from 42 
individuals of P. katsumatae, we obtained eight haplotypes 
with combined sequences defined by eleven variable sites. 
The combined haplotype diversity was 0.78, and the nucle-
otide diversity was 0.0007. In this case, P. katsumatae cur-
rently retains lower mtDNA nucleotide diversity and small-
er population size compared with other pheasant species  
[33] and its mainland relative P. bicalcaratum (unpublished 
data). The pattern of low mtDNA genetic diversity was 
consistent with other Hainan faunas [13,14,34]. To date, it 
has been deduced that anthropogenic activities could exert a 
catastrophic effect on species on Hainan Island [13–15, 
35,36]. 
The results of Tajima’s D (−1.72, P>0.05) and Fu’s Fs 
(−2.97, P<0.05) was negative, and Fay and Wu’s H was not 
significant (0.12, P>0.05). In general, a negative value of D 
or Fs implied that a recent population expansion or the se-
lection, while non-significant value of H could be recog-
nized as the indicator of the population expansion event 
instead of the selection. Due to Fs is more sensitive than D 
in detecting the population expansion and genetic hitchhik-
ing, it is normal that we obtained a negative significant Fu’s 
Fs value but a negative non-significant Tajima’s D. In addi-
tion, mismatch (unimodal figure) and network analysis 
(star-like) also provide consistent results of the population 
expansion event (Figures 1 and 2). It is accepted that popu-
lations which have experienced a demographic expansion  
event [37,38] or though a range expansion with migrations 
between neighboring sites [39,40] should display a unimod-
al curve of mismatch analysis. Specifically, the estimated 
timing of the population expansion event was about 28–53 
ka before present (ka BP), which falling into the time of 
Marine Isotope Stage 3 (MIS 3). In addition, according to 
the BSP result, a pattern of historical population size growth 
during the late Quaternary period (about 30–50 ka BP) was 
also concluded, which implies that the pheasant survived 
during the LGM even with a certain of population growth 
(Figure 3). 
In conclusion, historical population expansion has been 
detected for P. katsumatae on Hainan Island, and the start-
ing time of expansion was in the period of MIS 3. In con-
trast to MIS 4 and MIS 2 periods, MIS 3, a period between 
60–27 ka BP during the last glacial cycle, experienced sev-
eral abrupt climatic warming phases. Some studies have 
shown that the hydrothermal condition of MIS 3 was much 




Figure 1  Mismatch distribution of expected and observed with dotted lines of different confidence intervals. (a) Spatial expansion and (b) demographic 
expansion of P. katsumatae. On the horizontal axis is the number of nucleotide site differences between pairs of individuals. 
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Figure 2  Unrooted haplotype network analysis of P. katsumatae based 
on cytb and ND2 sequences. Each circle represents a unique haplotype. The 
size of the round indicates the number of each haplotype. Each intersecting 
line represents a single mutational change according to length. 
 
Figure 3  Bayesian skyline plot of effective population size (Neμ) through 
time. Median estimates are shown by the solid grey line, along with the union 
of the 95% highest posterior density (HPD) areas in dot lines. 
interglacial climate condition similar to MIS 5 [41]. Shi et 
al. [42] named this period the High Temperature and Large 
Precipitation Event. Therefore, it is not unusual that the 
population expansion of P. katsumatae occurred from MIS 
3. However, the following reasons might contribute to the 
pattern of historical population expansion even during the 
LGM. Shen et al. [43] showed that precipitation in north-
eastern China in MIS 3a was 100–400 mm higher than dur-
ing the present period. More evidences have been found that 
a wet period once occurred in MIS 3 in Southeast Asia [44]. 
Therefore, it was recognized that the abrupt climatic trans-
gression that occurred 60–50 ka BP, and peaked around 
40–30 ka BP, was controlled by enhanced precipitation ra-
ther than temperature [42]. Because P. katsumatae had 
coped with the colder weather during the LGM, we then 
deduced that this species might be more susceptible to pre-
cipitation than temperature. Besides of the long-term cli-
matic evolution, short-term repeated water-level fluctua-
tions might also contribute to the population expansion of P. 
katsumatae during the LGM. Some studies have previously 
indicated that a broad, continuous, lowland tropical rainfor-
est and savannah over major portions of Sundaland were 
maintained by lower sea levels during the LGM, and might 
contribute to the unusual population expansion during the 
LGM [45–48]. Cannon et al. [46] have modeled the distri-
bution changes of Sundaland rainforests during the last 
120000 year glacial cycles, finding that the rainforests ex-
perienced unusual expansion rather than contraction in their 
ranges. They proposed that it is today’s rainforests that are 
refugial and not those of, for example, the LGM. To date, 
some findings suggest that animal populations extend their 
distribution to cope with the LGM, as supported by pollen 
analysis of river and offshore sediments from the South 
China Sea [49,50]. Hainan Island has experienced connec-
tions and disconnections with the mainland of China, Tai-
wan Island and the Indo-China Peninsula due to sea level 
fluctuations throughout the late Pleistocene [10]. Therefore, 
the potential expansion of the land areas and vegetation of 
Hainan Island could also contribute to the survival of P. 
katsumatae through the LGM. This is also supported by the 
spatial expansion detected with mismatch analysis. 
2.2  Conservation implications 
Because many extant species in Southeast Asia once have 
survived multiple ice age’s cycles since the Pleistocene, 
they will probably be less susceptible by temperature than 
the length of the dry-season and seasonality [42]. For ex-
ample, it was indicated that populations of lowland Siamese 
fireback pheasant Lophura diardi have experienced expan-
sion over 25 years in Thailand [51]. In addition, Peh [52] 
described that some birds have expanded their upper limits 
along elevation gradients. Unfortunately, much suitable 
habitats and habitat corridors are vanishing caused by recent 
anthropogenic environmental changes, such as habitat loss 
and fragmentation. Probabilities for range expansion are 
now hampered in the current islands of Southeast Asia, sus-
taining populations in situ is becoming the only option [47]. 
Currently, conservationists are paying more attention to in 
situ small and fragmented populations of species, as these 
are the ones at the greatest risk of extirpation [53–59]. Spe-
cifically, small isolated populations are sensitive to genetic 
erosion. The losing of genetic diversity by chance and by 
inbreeding will contribute to the extirpation of species and 
populations. This is also true for P. katsumatae on Hainan 
Island, where recent anthropogenic activities have affected 
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the habitat connectivity of P. katsumatae. Actually, field 
work using radio-tracking data has detected that the home 
range of the P. katsumatae was quite small and relatively 
fixed [17]. Till now, the pheasant distributed only in the 
evergreen broadleaf-dominated forests of mountainous re-
gion in central and southwestern of Hainan Island [17]. 
During the past several decades, populations of P. 
katsumatae have suffered threats, such as overexploitation 
for timber and the destruction for hunting [17]. Deforesta-
tion and replacement with exotic tree species such as Acacia 
mangium, and Eucalyptus spp. occurred in some forest areas, 
and these are important threats to the Hainan Peacock 
Pheasant and other forest birds, e.g. Hainan partridge (Ar-
borophila ardens) [17,53]. The illegal hunting of birds is 
found in most surveyed areas and is carried out mainly for 
sale in markets [60]. The finding that the Hainan Peacock 
Pheasant was not occurred in any of the forest plantations, 
and the facts of hunting this peacock pheasant was common, 
indirectly indicates that the anthropogenic activities might 
have greatly reduced its numbers [17]. Actually, it has been 
reported the population of the Hainan Peacock Pheasant had 
declined from approximately 2700 in 1990 [61] to only ap-
proximately 300 individuals in 2000 [62] and is at risk of 
losing the ability to be self-sustainable. 
The findings of the study may contribute to improving 
management practices for the conservation of this endemic 
pheasant. Our results demonstrated that the historical popu-
lation of P. katsumatae has expanded since the late Quater-
nary, and even survived through the LGM. Unfortunately, 
the current severe habitat fragmentation and small popula-
tion size [17] and potential inbreeding risks must be imput-
ed to anthropogenic factors. Therefore, conservation efforts 
should be made to avoid anthropogenic declines in Hainan 
Peacock Pheasant populations and potential inbreeding by 
sustaining populations in place without disturbance. 
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